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Renal afferent impulses, the posterior hypothalamus, and hypertension
in rats with chronic renal failure. Hypertension in 5/6 nephrectomized
(CRF) rats is partly related to increased activity of the sympathetic
nervous system. We have previously shown a greater norepinephrine
turnover rate in the posterior hypothalamic nuclei and locus coeruleus of
CRF than control rats. Dorsal rhizotomy prevented the rise in blood
pressure and the increase in NE turnover rate in the posterior hypothal-
amus and the locus coeruleus. The studies suggest that afferent impulses
from the kidney to central integrative structures in the brain may be
responsible for hypertension in CRF rats. To further evaluate the role of
renal afferent nerves in the regulation of blood pressure, and whether
renal afterent pathways integrate with the posterior hypothalamus, we
studied the effects of an intrarenal injection of 50 /.Ll of 10% phenol on
blood pressure and NE secretion from the posterior hypothalamus of
Sprague-Dawley rats. Mean arterial pressure increased from 89 4.0 to
114 4.3mm Hg in rats which received intrarenal injection of phenol, but
it did not change in rats that received vehicle (95 4.3 and 89 3.6 mm
Hg, respectively). Renal denervation totally prevented the increase in
blood pressure caused by intrarenal injection of phenol. The secretion of
NE from the posterior hypothalamus increased from 139 4.8 to 250
9.9 pg/mI (P < 0.01) in rats that received intrarenal phenol, but it did not
change in rats which received vehicle or in those with renal denervation.
In CRF rats NE secretion from the posterior hypothalamus was greater
than in control and CRF rats subjected to dorsal rhizotomy. These studies
show that afferent impulses from an injured kidney increase NE secretion
from the posterior hypothalamus and raise blood pressure. NE secretion
is higher in the posterior hypothalamus of CRF than control rats. The
posterior hypothalamus appears to be an important integrative structure
of the sympathetic regulation of blood pressure.
Hypertension remains a significant clinical issue in the patient
with chronic renal failure and various factors may play a role in its
pathogenesis. Those include sodium retention and volume expan-
sion, increased activity of the renin-angiotensin system [1, 2] and
of the sympathetic nervous system [3—7]. We have previously
shown that the turnover rate of norepinephrinc (NE) is greater in
the posterior hypothalamic (PH) nuclei and in the locus coeruleus
of rats with chronic renal failure (CRF) than control rats. We have
also shown that chemical destruction of the PH by micro-injection
of a neurotoxin, 6-OH-dopamine, reduces blood pressure almost
to normal in CRF animals [8]. Bilateral dorsal rhizotomy (T-10 to
L-2) prevents the development of hypertension and the increase
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in NE turnover rate in the PH and in the locus coeruleus of CRF
rats [9]. This suggests that afferent impulses from the kidney of
CRF rats may activate area of the brain involved in the norad-
renergic regulation of blood pressure and contribute to the
development of hypertension [10—16]. Studies in human subjects
have also shown that the decrease in arterial pressure frequently
seen in uremic patients following bilateral nephrectomy is associ-
ated with lower sympathetic nerve firing and lower regional
vascular resistance [171.
To further evaluate the role of renal afferent impulses to the
brain in the noradrenergic regulation of blood pressure, we have
examined the effects of an intrarenal injection of phenol on blood
pressure and NE secretion from the PH. In addition, to further
evaluate the effect of renal afferent nerves in the pathogenesis of
hypertension in CRF, we have measured NE secretion from the
PH in rats with CRF and dorsal rhixotomy or sham rhizotomy.
Methods
Animals and surgical methods
Male Sprague-Dawley rats weighing 200 to 250 g were used for
these studies. Rats received normal rat chow (ICN Nutritional
Biochemical, Cleveland, OH, USA) and tap water. After anesthe-
sia with sodium pentobarbital (35 mg/kg, i.p.) we implanted
catheters (PE-lO) in a femoral artery and vein for subsequent
measurements of mean arterial pressure and for administration of
drugs. Then we placed the rats in a stereotaxic apparatus,
implanted a 2-mm long Teflon 22-ga guide cannula (IV Catheter
Placement Unit; Critikon, Inc., Tampa, FL, USA) using coordi-
nates A-P —4.0 mm and lat. mm, V = 8 mm, and secured the
guide in place with dental cement. A 28-ga stainless steel stylus
was lowered through the guide cannula to a depth 1.5 mm dorsal
to the DV coordinate for PH, namely —8.5 mm from the skull
surface.
Micro-dialysis probe
Probes were constructed from 25-ga stainless tubing (IV Cath-
eter Placement Unit; Critikon) and 1 mm lengths of cuproammo-
nium rayon dialysis tubes, which have a molecular weight cutoff of
10,000 and 206 tm o.d., taken from a hollow fiber dialyzer (Asahi
Medical Co., Ltd., Japan). One end of the dialysis tube was sealed
with epoxy resin (Rapid Araldite; Ciba-Geigy). Two lengths of
fused silica capillary tubing (o.d. X i.d. = 150 X 75 jim) were
inserted into the 25-ga tubing and the long one, which formed the
inlet, was inserted into the dialysis tube with the tip 200 jim from
the sealed end. The short capillary formed the outlet of the probe.
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The inlet and outlet fused silica tubes were covered with 10 mm
27-ga stainless steel tubing for connection of PE tubing.
The stylus was removed from the guide cannula and replaced
with the dialysis probe which was secured to the guide with sticky
wax. The inlet tubing of the dialysis probe was connected by PE 20
tubing to a 1 ml disposable syringe driven by a microinfusion
pump. The perfusate (pH 7.2) contained Na 150 ms, K 3.0 mM,
Ca2 1.4 mM, Mg2 0.8 m, phosphorus 1.0 ms, Cl 155 mM.
PE-lO tubing was attached to the outlet side of the probe and the
free end led to a 0.5 ml vial set in a small box of ice. The vial
contained 2 s1 of 0.1 N HC1 for preservation of NE. All samples
were immediately frozen and stored at —80°C until the time of
assay. After 90 minutes of dialysis equilibration, dialysate samples
were collected every five minutes for the entire duration of the
experiment.
Study 1. Effect of intrarenal phenol on BP and NE secretion
After a dorsal incision, the left kidney was exposed and 50 jsl of
10% phenol injected in the lower pole of the kidney. We
continuously recorded blood pressure (Physiograph, Grass Instru-
ment) and collected the dialysate from the PH immediately before
the infusion and every five minutes thereafter for 60 minutes.
Control rats received 50 sl of normal saline in the lower pole of
the left kidney.
Study 2. Effect of intraperitoneal phenol on BP and NE secretion
At the end of the experiment described above, we injected
intraperitoneally 50 al of 10% phenol in both rats that had
received intrarenal phenol and rats that had received intrarenal
saline. Blood pressure and heart rate were continuously recorded
and the dialysate from the PH collected every five minutes for 30
minutes.
Study 3. Effect of intra-splenic injection of phenol on BP and NE
secretion
In a group of rats, after placement of a probe in the posterior
hypothalamus and 90 minutes of dialysate equilibration, we
injected 50 itl of 10% phenol in the spleen. Blood pressure and
NE secretion from the PH were recorded for 60 minutes.
Study 4. Effect of renal denervation on BP and NE secretion
In a group of rats, the visible renal nerves were isolated and
dissected prior to the intrarenal or intraperitoneal injection of
phenol. We measured blood pressure and collected the dialysate
from the PH as described for Study 1.
Study 5, Effect of angiotensin lion BP and NE secretion
In five anesthetized rats, we cannulated one femoral artery and
one femoral vein and placed a microdialysis probe in the PH.
After 60 minutes of stabilization, baseline NE secretion from the
PH and blood pressure was measured. Thereafter, angiotensin II
(8 to 16 ng/min i.v.) was infused to achieve a systolic blood
pressure of approximately 180 mm Hg. After stabilization of
blood pressure to approximately 180 mm Hg for 15 minutes, we
collected a second five-minute microdialysis sample from the PH.
Study 6. NE secretion from the PH of rats with 5/6 nephrectomy
In rats anaesthetized with sodium pentobarbital (50 mg/kg, i.p.),
we performed a 2/3 nephrectomy of the right kidney and total
nephrectomy of the left kidney or sham nephrectomy. At the time
of the left nephrectomy, dorsal rhizotomy was performed. A
dorsal incision was made and the thoracic and lumbar vertebral
column exposed by gently pulling the musculature away from the
vertebrae. An opening was made in the dorsal-lateral aspect of the
vertebral bodies (T-10 to L-3) with a fine bone drill. Then the dura
was opened and the dorsal roots visualized, pulled with a hook
and broken. Another group of rats underwent 5/6 nephrectomy
and sham dorsal rhizotomy. We measured blood pressure weekly
by the tail-cuff method, using an electrosphygmomanometer and
physiograph recorder MK-III (Narco Bio-Systems, Houston, TX,
USA). Each blood pressure measurement was the average of six
to eight readings. We drew blood from the tail of the animals
before nephrectomy and one, three, and five weeks thereafter to
measure serum creatinine by autoanalyzer.
Five weeks after 5/6 nephrectomy with or without rhizotomy, we
implanted dialysis probes in the PH as described above. At least
three days after surgery, and while the animals were freely moving
in their cages, we initiated microdialysis in the PH as described
above. After 90 minutes of dialysis equilibration, we collected
three five-minute dialysate samples.
Location of probe
At the end of the experiments, we deeply anesthetized the rats
by i.v. sodium pentobarbital (60 mg/kg) and we perfused transcar-
dially a 10% formaldehyde solution. We removed the brains and
stored them in formalin at least for three days at which time we
cut serial 50 sm slices and stained with cresyl violet. Only rats with
probes properly implanted in the posterior hypothalamic nuclei
were considered for further analysis.
Norepinephrine (NE) microassay
We used a highly sensitive micro-radioenzymatic assay [18]. We
add 10 jsl of dialysate to 5 jsl of reaction mixture containing 1 1a1
of 3.7 M Tris base (with 0.37 M EGTA and 1.8 M MgC12, pH 8.2),
0.06 sI of 36 mi benzoxylamine, 1.5 jsl of S-[methyl-3Fljadenosyl-
L-methionine and 2.4 jsl of partially purified catechol-O-methyl-
transferase and incubate for 60 minutes at 37°C. The sensitivity of
this method is 0.5 pg.
Statistical analysis
Data were analyzed by one-way analysis of variance, by the
Scheffe F-test for comparisons among groups using the computer
program Statview and Graphics 4.01 (Labacus Concepts, Inc.).
Simple regression analyses were performed to determine correla-
tions among different parameters. Results are given as mean
SEM,
Results
Study 1: Effect of intrarenal phenol on BP and NE secretion
Intrarenal injection of 10% phenol (50 pA) caused a significant
increase in blood pressure and NE secretion from the PH (Figs.
1). The pressor response and the increased release of NE were
already evident five minutes after intrarenal injection of phenol.
The changes in mean arterial pressure and in NE secretion rate
were significantly correlated (r = 0.67; P < 0.0001; Fig. 2).
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Fig. 1. A. Levels of mean arterial pressure in
Sprague-Dawley rats who received 50 pJ of 10%
phenol in the lowerpole of the right kidney (•),
those who received oniy the vehicle (A) and those
with renal dene,vation (0). After 60 minutes of
observation, all rats received an intraperitonea!
(i.p.) injection of 50 tl of 10% phenol. Each
group comprised six rats. Values are expressed
as means SEM. B. Levels of norepinephrine
secretion from the posterior hypothalamic
nucleus of Sprague-Dawley rats that received 50
jl of 10% phenol in the lower pole of the right
kidney (•), those that received only the vehicle(A), and those with renal denervation (0).
After 60 minutes of observation, all rats
received an intraperitoncal injection of 50 pA of
10% phenol. Values are expressed as means
SEM.
Study 2. Effect of intraperitoneal phenol on BP and NE secretion
To determine whether the increase in NE secretion from the
PH was caused by a non-specific pain stimulus rather than
stimulation of specific renal receptors, in a group of rats we
injected normal saline instead of phenol in the lower pole of the
kidney. Intrarenal injection of normal saline caused no change in
blood pressure and in NE secretion from the PH (Fig. 1).
intraperitoneal injection of phenol caused only a very transitory
rise in blood pressure and in NE secretion from the PH in rats
who previously received an intrarenal injection of saline, whereas
Study 3. Effect of intra-splenic infection of phenol on BP and NE
secretion
Injection of phenol in the spleen caused a transitory fall in
blood pressure and NE secretion from the posterior hypothalamic
nuclei (Fig. 3). These levels returned to pretreatment values 10
minutes after the injection of phenol.
Study 4. Effect of renal denervation on BP and NE secretion
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there was no further rise in blood pressure or in NE secretion in renal injection of phenol, there was no change in blood pressure
those rats that had previously received intrarenal phenol (Fig. 1). and in NE secretion from the PH (Fig. 1). Renal denervation had
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Fig. 2. The plot graph shows the correlation between the changes in norepi-
nephrine secretion from the posterior hypothalamic nuclei and the changes in
mean arterial pressure in Sprague-Dawley rats that received 50 j.d of 10%
phenol or vehicle in the lower pole of the right kidney and those with renal
denervation prior to the intrarenal injection of phenol. r = 0.76; P < 0.000 1.
no effect on the transitory rise of blood pressure and NE secretion
from the PH caused by the intraperitorieal injection of phenol.
Study 5. Effect of angiotensin II on BP and NE secretion
To determine whether the increased release of NE from the PH
caused by the intrarenal injection of phenol was the consequence
rather than the cause of the rise in blood pressure, in anaesthe-
tized rats we infused angiotensin II (8 to 16 ng/min i.v.) to achieve
and maintain a systolic blood pressure of approximately 180 mm
Hg for 15 minutes. NE secretion from the PH was measured
before and after achieving the desired level of blood pressure. The
infusion of angiotensin 11 caused a decrease in NE secretion from
the PH from 165 6.3 pg/mI to 129 5.0 pg/mI (P < 0.01).
Study 6. NE Secretion from the PH of rats with 5/6 nephrectomy
To further establish a role for increased activity of the sympa-
thetic nervous system in the pathophysiology of hypertension in
rats with CRF, we measured NE secretion from the PH in control
and CRF animals with or without rhizotomy. Systolic blood
pressure in 5/6 nephrectomized rats was 158 1.3 mm Hg,
significantly greater than in control rats (115 1.9 mm Hg, P <
0.01), and in CRF rats with rhizotumy (129 2.6 mm Hg, P <
0.01). Serum creatinine in CRF rats (1.1 0.13 rng/dI) was greater
than in control (0.29 0.02 mg/ill) and CRF + rhizutomy rats
(0.55 0.08 mg/dl). NE secretion from the PH was also signifi-
cantly greater in CRF rats than in control animals. However, when
CRF rats were subjected to dorsal rhizotomy NE secretion from
the PH was nut different than in control animals (Fig. 4).
Discussion
This study has clearly shown that activation of renal sensory
nerves may trigger the onset of a neurogenic form of hyperten-
sion. The study has confirmed that increased sympathetic nerve
activity in the PH may contribute to the pathogenesis of hyper-
tension in 5/6 nephrectomized rats.
Studies in animals have shown that the kidney is a sensory organ
richly innervated with baroreceptors and chemoreceptors [19—2fl.
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Fig. 3. A. Mean arterial pressure after injection of 50 pJ of 10% phenol in the
spleen of 5 anesthetized Sprague-Dawley rats. Values are expressed as
means SEM. *P < 0.01 compared to 0 time. B. NE secretion from the
posterior hypothalamus after injection of 50 j.d of 10% phenol in the
spleen of 5 anesthetized Sprague-Dawley rats. Values are expressed as
means SEM. *p < 0.01 compared to 0 time.
afferent nerves project directly or indirectly to a number of areas
in the central nervous system that contribute to blood pressure
regulation. These areas include the lateral tegmental fields, the
paramedial reticular nucleus, the dorsal vagal complex of the
medulla, the lateral hypothalamic area and the paraventricula:r
nuclei, and the anterior and posterior hypothalamic nuclei. Stim-
ulation of renal receptors either by ischemic metabolites, such as
adenosine, or by uremic toxins such as urea, or by electrical
impulses, evoke reflex increases in sympathetic nerve activity and
blood pressure [24—261. Renal afferent impulses appear to play an
important role in the genesis of hypertension in one-kidney
one-clip and two-kidney one-clip Goldblatt hypertension in rats
[271, but not in the deoxycorticosterone acetate-salt (DOCA-salt)
hypertension in rats, in the one-kidney one-wrap Groliman hyper-
tension in the rat, or in the spontaneously hypertensive rat (SHR)
[28—31].
This study has shown for the first time that renal afferent stimuli
establish integrative connections with the PH. Stimulation of renal

















Control CRF CRE + rhizotomy
726 Ye et a!: Renal nerves and hypertension
Acknowledgments
This study was supported by NIH Grants 1 ROl HL 47881 and by an
Extramural Grant from Baxter Healthcare Corp.
Reprint requests to Vito M. Campese, MD., Division of Nephrology,
LAC/USC Medical Center, 2025 Zonal Ave., Los Angeles, California 90033,
USA.
References
Fig. 4. Concentrations of NE in the dialysate from the posterior hypotha-
lamic nuclei of eight 5/6 nephrectomized, seven sham-operated and seven 5/6
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